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ABSTRACT: Rheological and interfacial tension data were employed to predict the morphology and thermal and mechanical properties of
noncompatibilized and compatibilized poly(lactic acid) (PLA)/thermoplastic elastomer (TPE) blends. PLA was melt blended with thermo-
plastic polyurethane (TPU) and ethylene elastomer (EE) and compatibilized by ethylene–butyl acrylate–glycidyl methacrylate (EBG) in an
internal mixer chamber. Both TPU and EE TPEs have higher viscosities than PLA, and the interfacial properties evaluated have revealed
better adhesion between domains of PLA–TPU. The efficiency of the compatibilizer agent EBG depended on the TPE type inferred by
modifications in the scanning electron microscopy images of PLA/TPE blends and by the Izod impact strength (improved by 23%). The
EBG was more effective in the PLA/TPU blend. The TPEs and EBG did not affect the PLA thermal stability, and no thermal event was
observed in the usual PLA extrusion and injection temperature range. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47962.
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INTRODUCTION
Poly(lactic acid) (PLA) is an aliphatic polyester obtained from
renewable resources1 and is currently one of the most studied bio-
degradable polymers.2 Properties such as thermoplasticity, process-
ability, biocompatibility, high modulus, and strength3 make PLA a
potential substitute for petroleum-based polymers.4 However,
aspects such as moisture sensitivity, poor impact resistance, rela-
tively high price,5 low thermal stability, and low solvent resistance6
reduce PLA’s range of applications. To improve PLA flexibility and
toughness, as well as to balance mechanical strength and toughness,
PLA is frequently modified by plasticization, copolymerization, or
blending with other polymers.7
Polymer blending through copolymerization and plasticization are
the most cost-effective routes used to improve PLA toughness8
and a more practical one.9 To balance tensile strength/tensile
modulus and impact strength, PLA is usually blended with rubbers
[e.g., natural rubber (NR) and nitrile rubber], ethylene copolymers
[e.g., ethylene-vinyl acetate (EVA), ethylene–glycidyl methacrylate,
ethylene–methyl acrylate–glycidyl methacrylate [EMAGMA],
and ethylene–butyl acrylate–glycidyl methacrylate (EBG)], and
thermoplastic elastomers (TPEs) (e.g., thermoplastic polyurethane
[TPU]).10 Jašo et al.11 investigated the mechanical and thermal
properties of PLA with 30 wt % TPU and reported an increase in
impact strength (from 3.4 to 7.3 kJ m−2) and a concomitant
decrease in the Young’s modulus (from 1496 to 763 MPa). Zhao
et al.12 evaluated the effect of the ethylene–acrylic acid (EAA)
copolymer on the mechanical and rheological properties of PLA,
reporting that 30% of EAA increased the elongation at break from
6.45 to 7.99%, while impact strength did not change.
The incompatibility of PLA with certain flexible polymers prevents it
from achieving greater toughness, which can be overcome by using
compatibilization agents such as copolymers, reactive compounds,
or nanoparticles.13 Incorporation of the compatibilization agent into
a polymer blend decreases the interfacial tension between the dis-
persed phase and thematrix by decreasing the dispersed particle size,
increasing the interfacial area, and improving the adhesion.14 Fur-
thermore, compatibilization agents also suppress particle coalescence
and improve stress transfer from the dispersed phase to the matrix.15
Harada et al.16 reported that in PLA/poly(butylene succinate) (PBS;
90/10) blends compatibilized with 0.5 wt % lysine triisocyanate, the
dispersed phase particle size was reduced from 2.6 to 1.29 μm. Zhang
et al.17 reported that the PLA/poly(ether-b-amide) (70/20) blend
with 10 wt % EMAGMA showed impact strength increases from
approximately 56 to 100 J m−1. Lai et al.18 investigated PLA/TPU
[Correction added on 20 June 2019 after first online publication: Experimental Materials section, Equations 13 and 14, and Table IV
updated.]
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(70/30) blends and reported that 1 phr of the compatibilizer
3-aminopropyl triethoxysilane (APTES) increased the impact
strength from 29.2 to 40.7 J m−1.
The final properties of polymer blends can also be tailored by
controlling interfacial tension and rheological conditions. Surface
energy measurements of polymeric blend components can be
used to investigate compatibility and whether a given com-
patibilization agent will decrease the interfacial tension.19 More-
over, interfacial tension data can also be used to forecast polymer
blend morphology and thermal and mechanical behavior. Zolali
and Favis20 evaluated the effect of compatibilization agents on
the toughness of PLA/polyamide 11 (PA11) and reported that the
50/50 blend with 10 wt % EMAGMA showed lower interfacial
tension and an increase in the impact strength from 17 to
55 J m−1. Uthaipan et al.21 investigated the morphology of the
ternary blend ethylene–propylene–diene monomer (EPDM)/eth-
ylene–octene copolymer (EOC)/polypropylene (PP) and reported
that the EOC/PP (50/50) binary blend exhibited a finer morphol-
ogy in comparison with EPDM/PP (50/50) due to the smaller
melt viscosity of EOC than EPDM. The specific mechanical
energy (SME) is related to the mechanical energy input from the
rotors to the melt polymer, and it is estimated by the integral of
the curve torque versus time.22 In multicomponent systems, the
viscosity and morphology components are factors that also influ-
ence the SME, as well the interfacial properties. Considering that
the polymer blend viscosity directly affects the torque measure-
ments during melt blending, SME and viscosity versus shear rate
curves can be concomitantly employed to estimate the polymer
viscosity at the processing temperature. Considering the small
number of reports about viscosity versus shear rate curves and
the SME of PLA blends, this article seeks to evaluate blends of
PLA/TPEs noncompatibilized and compatibilized with EBG. The
features of immiscible PLA/TPE blends were comparatively dis-
cussed based on the rheological, morphological, and interfacial




PLA [density: 1.24 g cm−3; melt flow index (MFI): 35 g/10 min
(190 C/2.16 kg)] was purchased from NatureWorks (Blair, Nebraska).
TPU [density: 1.20 g cm−3; MFI: 2 g/10 min (190C/2.16 kg); glass-
transition temperature (Tg): −37 C; melting temperature (Tm):
162 C] was donated by Prisma Montelur (Campo Bom, Brazil).
Ethylene elastomer (EE) [density: 0.87 g cm−3; MFI: 23 g/10 min
(280 C/2.16 kg); Tg: −45 C; Tm: 43 C] and EBG [density:
0.94 g cm−3; MFI: 12 g/10 min (190 C/2.16 kg); Tg: −45 C; Tm:
74 C] were both donated by DuPont (São Paulo, Brazil).
Preparation of PLA/TPE Blends
PLA, EBG, and both TPU and EE TPEs were dried at 30 C for 24 h
before each processing step to remove moisture. PLA/TPE blends
were prepared at 90/10 and 70/30 fixed weight ratios, and 5 wt %
EBG was added only in the blend with 30 wt % TPE, as already
reported in the literature23 for recycled poly(ethylene terephthalate)
(PET) blends and composites (displayed in Table I). Melt blending
was carried out at 190 C in an internal mixer chamber (HAAKE
RheoDrive 7 Rheomix OS) by one-step addition at 50 rpm for 8 min.
The specimens for Izod impact tests and contact angle measure-
ments were obtained by processing PLA and PLA/TPE blends in a
mini-injector Thermo Scientific HAAKE model MiniJet II. The
injection parameters included an injection pressure of 60 MPa/10 s,
postpressure of 55 MPa/10 s, and barrel and mold temperatures of
200 and 70 C, respectively.
Characterization
Processing and Rheological Behaviors of PLA/TPE Blends. The
SME (in kJ kg−1) of the PLA and PLA/TPE blends at 190 C was cal-
culated by the integral of the torque versus time curves obtained in
the HAAKERheoDrive 7 Rheomix OS, according to eq. (1).22
SME=




M tð Þdt ð1Þ
where “N” is the rotational speed (in rpm), “m” is the sample
mass added to the HAAKE mixer chamber (in kg), “M(t)” is the
mixture torque as a function of time (in N m), and “tmix” is the
total mixing time (in min).
The viscosity (η) data versus shear rate ( _γ) at 190 C of the PLA,
TPEs, and EBG pure polymers were determined in an SR 20 capil-
lary rheometer (CEAST) with an L/D = 30 in a shear range of
250–4500 s−1. The viscosity versus shear rate curves were
obtained by correlating experimental data according to the
power-law equation [eq. (2)].
η=m* _γ n−1ð Þ ð2Þ
where “m” is the consistency index [in Pa.s1−(n−1)] and “n” is the
power-law exponent.
Table I. Nomenclature and Compositions (wt % and vol %) of the PLA/TPE Blends
Sample nomenclature PLA/TPU/EBG (wt %) PLA/TPU/EBG (vol %) PLA/EE/EBG (wt %) PLA/EE/EBG (vol %)
PLA 100/0/0 100/0/0 100/0/0 100/0/0
PLA10TPU 90/10/0 90/10/0 — —
PLA30TPU 70/30/0 70/30/0 — —
PLA30TPU-5EBG 65/30/5 64/30/6 — —
PLA10EE — — 90/10/0 88/12/0
PLA30EE — — 70/30/0 63/37/0
PLA30EE-5EBG — — 65/30/5 57/37/6
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The viscosity of the pure polymers in the melt processing (ηHAAKE)
was estimated as proposed by Deng and Thomas24 for PLA/PBS
blends by combining eqs. (2) and (3) ( _γHAAKE), yielding eq. (4).
_γHAAKE≈
2*π*N
60* ln βð Þ ð3Þ
where “N” is the rotational speed (in rpm) and “β” is the ratio
between the wall radius (R1) and the rotor radius (R2). The
HAAKE R1 and R2 are 20 and 17.5 mm, respectively. Thus, the




The viscosity at 190 C of the noncompatibilized PLA/TPE blends in
the HAAKE processing (ηHAAKE, PLA/TPE) resulted from the PLA and
TPE weight fraction contributions as expressed in eq. (5). This was
already reported by Zembouai et al.25 in the viscosity evaluation
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/polylactide blends.
Compatibilized PLA/TPE blend viscosities were not estimated once








The viscosity ratio in the HAAKE processing (λ) [eq. (6)]26 was
estimated as the ratio of the viscosity of the minor phase
(ηHAAKE, minor = ηHAAKE, TPE) and the major phase or the matrix





Contact Angle and Surface Energy Measurements. Contact
angle measurements at 25 C were carried out in a Phoenix Mini
P10001 contact angle analyzer by the sessile drop method (10 mea-
surements for each sample). Image acquisition was obtained from
the Surfaceware 9 software. The contact angle (θ) and surface energy
(γ) of the PLA, TPEs, and EBG samples were determined according
to Wu’s harmonic mean equation, using distilled water and
diiodomethane as the test solvents [eq. (7)].








where “θ” is the contact angle (in degrees) between the poly-
mer/liquid interface, “γPS ” and “γPL” are the polar components from
the surface energy of the solid and liquid phases, respectively, and
“γDS ” and “γDL ” are the nonpolar components from the surface
energy of the solid and liquid phases, respectively. The γPL values
for water and diiodomethane were 51.0 and 2.3 mJm−2, respec-
tively, while the γDL values for water and diiodomethane were
21.8 and 48.5 mJm−2, respectively.26
The surface energy (γ) can also be described as the sum of the
polar and nonpolar components, as in eq. (8), and the polarity
(XP) of each polymer is estimated as the ratio of the polar com-
ponent and surface energy, as given by eq. (9).





The interfacial tension (γAB) between the A-B domains was obtained
from the polymer surface energy and surface energy components, as
expressed in eq. (10), where “γA” and “γB” correspond to the surface
energy of the “A” and “B” domains, respectively.













The surface tension and interfacial tension at mixing temperature
data were obtained using the Guggenheim relationship27 [eq. (11)].






where “γS, T” is related to the surface (or interfacial) tension at
mixing temperature, “γS,TR” is related to the surface (or interfacial)
tension at room temperature, “T” is the mixing temperature (in
Kelvin), and “TR” is the room temperature (298K).
Differential Scanning Calorimetry. Differential scanning calo-
rimetry (DSC) measurements were performed on a DSC Q20 cal-
orimeter (TA Instruments, New Castle, DE). Data acquisition
and analysis were carried out with the Universal V4.5A TA
Instruments software. The polymers and blend samples (~5 mg)
were heated and held at 190 C for 5 min (1st run), cooled down
to 30 C, and then reheated up to 190 C (2nd run) at a heat-
ing/cooling rate of 10 C min−1 (under a nitrogen atmosphere).
The glass transition, phase transition, cold crystallization, melting
temperatures, and enthalpies were taken from the 2nd run curve.







where ΔHm and ΔHcc are the melting and cold crystallization
enthalpies of PLA. WPLA is the PLA weight fraction in the blend
and ΔH∞m is the melting enthalpy of 100% crystalline PLA
(93 J g−1).29
Thermogravimetric Analysis. Thermogravimetric analysis (TGA)
was performed on a Q50 calorimeter (TA Instruments) and data
acquisition and analysis were carried out using the TA Instruments
analysis software. The samples (~10 mg), under nitrogen flow
(~100 mL min−1), were heated to 600 C at a heating rate of
20 C min−1. The thermal degradation onset temperature (Tonset)
was determined as the temperature at which there was a mass loss of
5 wt % (T5%), according to the investigation by Zhou et al.
30 of
PLA/carbon nanotube nanocomposites. The thermal stabilities of
PLA and PLA/TPE blends were evaluated by the mass loss
(thermogravimetry (TG)] and differential TG (DTG) curves, by the
Tonset and the temperature at which the degradation rate is maxi-
mum (Td max), and the percentage ofmass loss.
Scanning Electron Microscopy. The microscopy analysis was car-
ried out with a scanning electron microscopy (SEM) machine (JEOL
JSM 6060) operating at 10 kV. The blendmorphology or TPE disper-
sion in the PLA matrix was investigated for the cryogenically frac-
tured surface of Izod impact specimens coated with gold. SEM
images of PLA/TPE blends were analyzed at a magnification of
1000×. At least 200 TPE particles from several independent SEM
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micrographs were measured using the ImageJ software. The average






where “ni” is the total amount of rubber particles with an average
diameter of “di” and “N” is the total amount of TPE particles
measured.
The particle size distribution parameter (σ) was estimated to evaluate
TPE particle size homogeneity in the PLA/TPE blends [eq. (14)]. The
interparticle distance (L) was determined using Wu’s equation31
[eq. (15)] to evaluate the EBG effect on the TPE particle size.
σ= exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

















Impact Strength Test. Izod impact strength tests under notch
were carried out with an instrumented impact tester (CEAST
Resil Impactor II) at room temperature, according to ASTM
D256. The hammer energy employed was 2.75 J, and the Izod
impact strength of PLA and its blends was the average measure
of 10 specimens of PLA and of each PLA/TPE blend.
RESULTS AND DISCUSSION
Evaluation of PLA and TPE Surface Properties
The contact angle measured in water and diiodomethane, surface
energy, and polarity at 25 C of PLA, TPEs, and EBG are shown in
Table II. The water contact angle and surface tension measurements
show that PLA and EBG are the most hydrophilic samples, which
could be attributed to a high polarity of these polymers (0.25 and
0.36, respectively), whereas the TPU and EE are the most hydropho-
bic samples, considering their high water contact angle (99.2 and
107.9, respectively) and polarity values (0.13 and 0.03, respectively).
Uthaipan et al.21 observed that a low interfacial tension between two
polymers could be attributed to a low polarity difference, which
would increase the blend compatibility. Therefore, it is expected that
the PLA/TPU pair exhibits a lower interfacial tension than PLA/EE
since the polarity difference in the former (0.12) is smaller than in the
latter (0.22). Considering that one of the roles of a compatibilization
agent is to decrease interfacial tension32 in immiscible blends, polarity
differences of PLA/EBG and TPEs/EBG indicate that EBGwould only
be an effective compatibilization agent for PLA/TPU blends.
The PLA/EBG and TPEs/EBG interfacial tensions at 25 C and at
an extrapolated mixing temperature of 190 C [eqs. (6) and (7)]
are displayed in Table III. At 25 C, PLA/TPU showed a lower
interfacial tension (1.7 mJ m−2) than the PLA/EE blend
(5.5 mJ m−2). The PLA/TPEs and TPEs/EBG interfacial tension
values revealed that this property was strongly affected by the
type of intermolecular force in the TPE. PLA/EBG and TPU/EBG
pairs presented interfacial tension values (1.5 and 2.0 mJ m−2,
respectively) lower than that of EE/EBG (6.0 mJ m−2). The
PLA/TPEs interfacial tension values confirmed the hypothesis
related to the PLA/TPE polarity difference, in which a smaller
polarity difference could indicate a lower interfacial tension.
Interfacial tension values of the PLA/TPU and PLA/EE blends at
190 C indicate that the former pair exhibited stronger inter-
molecular forces than the latter, even in the melt blending pro-
cess. These results suggest that PLA/TPU blends should be more
viscous than PLA/EE blends because of the stronger inter-
molecular forces. PLA/EBG and TPEs/EBG interfacial tensions at
190 C indicate that EBG preferably interacted with PLA and
TPU rather than EE, implying that the compatibilized PLA/TPU
blend should exhibit higher SME values in contrast to the com-
patibilized PLA/EE blend. The difference between interfacial ten-
sions of the PLA/TPEs, PLA/EBG, and TPEs/EBG pairs could be
better understood by the chemical interaction type between the
components, as shown in Figure 1 and as proposed by Feng and
Ye33 and Oliaei et al.34 for PLA/TPU blends.
PLA/TPU macromolecules are mainly attracted by hydrogen bonds,
while PLA/EE chains interact by Debye forces. The hydrogen bond is
a stronger secondary force than the Debye force, thus the interfacial
tension of the PLA/TPU pair is lower than that of the PLA/EE pair.
Moreover, the chain interactions in the PLA/EBG pair, as well as in
the TPU/EBG pair, are from the hydrogen bond (Figure 1), resulting
in low interfacial tension values. The high interfacial tension value in
the EE/EBG pair could be attributed to the absence of polar groups
in the EE structure, which results in a weaker intermolecular interac-
tion in contrast to the TPU/EBG pair. Therefore, considering that a
compatibilization agent acts to decrease the interfacial tension and
improve the stress-transferring mechanism,15 the PLA/TPU blend is
expected to show better mechanical properties and a lower pullout
degree of TPE particles in comparison with the PLA/EE blend when
these are compatibilized with EBG.
Evaluation of PLA, TPEs, and EBG Rheological Properties
Figure 2 exhibits the viscosity versus shear rate log–log curves at
190 C of the PLA, TPU, and EE (TPEs), and EBG polymers mea-
sured with a capillary rheometer. The higher viscosity values of TPU
Table II. Surface Properties of PLA, TPEs, and EBG Samples
Polymer
Contact angle () Surface energy (mJ m−2)
Polarity (XP)H2O CH2I2 γPS γ
D
S γS
PLA 80.5  1.5 51.1  1.1 10.2 30.7 40.8 0.25
TPU 99.2  0.3 65.8  1.6 3.9 24.9 28.8 0.13
EE 107.9  0.3 67.9  1.1 0.8 25.9 26.7 0.03
EBG 88.9  1.2 78.4  1.3 10.3 18.5 28.8 0.36
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and EE (especially TPU) indicated that both polymers weremore vis-
cous than PLA, confirmed by the consistency indexes from Table IV.
As expected, as a compatibilization agent, EBG showed low viscosity.
Table IV shows the power-law exponents (n), viscosity at HAAKE
processing [η(γHAAKE)], and viscosity ratios in the HAAKE
processing (λ) of PLA, TPU, EE, and EBG. The power-law exponents
indicated pseudoplastic behavior of all polymers since the order is
0 < n < 1. The increase in TPE fraction in PLA/TPE blends is sup-
posed to increase the viscosity of PLA/TPE blends; considering it,
PLA/TPU blends are also expected to be the most viscous ones, con-
sidering TPUwas themost viscous polymer.
Figure 3 shows the viscosity of PLA/TPE blends as a function of
TPE content. According to PLA/TPE viscosity ratios (λ) mea-
sured at HAAKE processing (190 C), PLA/TPU blends are sup-
posed to exhibit coarser and less homogenous TPU particles in
comparison with PLA/EE blends. This hypothesis is based on the
relationship between λ and dispersed particle size, in which
blends with λ near unity show finer particles dispersed over the
matrix, as stated by Lu et al.35 These results, in conjunction with
interfacial tension data, can also be related with the impact
strength of PLA/TPE blends (discussed in the Impact Strength of
PLA and PLA and PLA/TPE Blends section).
Influences of TPE and EBG on PLA/TPE Blend Processing
Figure 4 shows the influence of TPE content on the SME of the
PLA/TPE blends as a result of the torque versus time curve inte-
gral [given by eq. (1)]. Considering that during processing torque
Table III. Interfacial Tension Values at 25 C and at Melt Temperature
(190 C)






Figure 1. Possible chemical interaction scheme in PLA/TPEs pairs with and without EBG.
Figure 2. Log viscosity versus log shear rate curves of PLA, TPEs, and EBG
at 190 C.
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and viscosity are parameters that are interrelated,22 the SME
could also be used to corroborate the rheological behavior
observed in PLA and PLA/TPE blends (Evaluation of PLA, TPEs,
and EBG Rheological Properties section). In general, rubbers are
more viscous than thermoplastic polymers, which results in
higher torque values during the processing of rubbers. Moreover,
stronger intermolecular forces also reduce chain mobility at melt,
which could result in higher viscosity values. Therefore, it would
be expected to observe an increase in SME values in PLA/TPE
blends with higher TPE contents and in compatibilized PLA/TPE
blends.
The PLA/TPU blends exhibited higher SME values than the PLA/EE
blends, which was attributed to the higher melt viscosity of the
PLA/TPU blends (Figure 3). Furthermore, this difference between
the SME values of PLA/TPU and PLA/EE blends was attributed to
the PLA/TPE intermolecular force density. According to the chemi-
cal interaction (Figure 1) and interfacial tension data (Table III),
PLA and TPU macromolecules interact through hydrogen bonds
and exhibit low interfacial tension at 190 C. These factors could
have led to a decrease in PLA chain mobility, which was also
supported by the higher melt viscosity of PLA/TPU blends. On the
other hand, PLA and EE chains weakly interact due to the absence of
polar groups in the EE structure, which was also confirmed by the
high PLA/EE interfacial tension at 190 C. These results indicate that
despite EE beingmore viscous than PLA, the hindrance of PLA chain
mobility by EEmacromolecules was weaker in contrast to TPUmac-
romolecules. The compatibilization of PLA30TPE blends resulted in
an increase in SME values. For compatibilized blends, the SME
increased by approximately 50% in the PLA30EE blend SME, while
this increase was only 17% in the PLA30TPU blend SME. These dif-
ferences could be related to the PLA–EBG and TPE–EBG interfacial
tensions at 190 C (Table III). PLA–EBG and TPU–EBG exhibited
the lowest interfacial tension values, while the EE–EBG pair was the
highest. These results suggest that EBG was strongly attracted by
both PLA and TPU, while it was weakly attracted by EE chains, indi-
cating that EBG would not be a suitable compatibilization agent for
PLA/EE blends.
Figure 5 illustrates the correlations of the SME and viscosity at the
HAAKE processing temperature as a function of TPE content of the
PLA/TPE blends. The tendency of both properties indicated a linear
increase with the TPE content incorporated into the PLA/TPE
blends, corroborating the hypothesis in which the SME values of
PLA/TPE blends increased due to higher viscosity. The addition of
low TPE content in PLA/TPE blends slightly increased both proper-
ties, which suggests that intermolecular forces and TPE did not
strongly influence them. However, incorporatingmore TPE fractions
into PLA indicates that PLA–TPE intermolecular forces and TPE
viscosity considerably affect the viscosity of the SME properties of
PLA/TPE blends, especially PLA/TPU blends. These differences
between PLA/TPU and PLA/EE blends could be attributed to the
higher TPU viscosity at HAAKE processing (4178 Pa s−1) in con-
trast to EE (3056 Pa s−1), as well as the stronger PLA–TPU inter-
molecular interactions at 190 C (as seen in the interfacial tension
values in Table III).
Table IV. Rheological Data of PLA, TPEs, and EBG (from Figure 3)
Polymer Equation m [Pa.s1−(n−1)] n η = η(γHAAKE) (Pa.s) λ
PLA log η = −0.66 × log (γ) + 4.37 (R2 = 1) 23,736 0.34 2123 —
TPU log η = −0.56 × log (γ) + 4.51 (R2 = 0.99) 33,232 0.44 4178 1.96
EE log η = −0.64 × log (γ) + 4.49 (R2 = 0.99) 32,459 0.46 3056 1.43
EBG log η = −0.60 × log (γ) + 3.91 (R2 = 0.99) 8172 0.40 904 —
Figure 3. Viscosity of PLA/TPE blends (at HAAKE processing) versus TPE
content in PLA/TPE blends.
Figure 4. SME of PLA/TPE blends as a function of TPE content.
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Effects of TPE and EBG/TPE Interactions on PLA Thermal
Transitions
Figure 6 shows the DSC thermograms of PLA/TPE blends in the
range of 30–190 C (see Table V for thermal parameters). The ther-
mal events in the curves are due to the thermal transitions of the
PLA. The melting temperatures of the TPEs (EE ~62 C, TPU
~160 C) are coincident with PLA glass-transition (Tg) and melting
temperature (Tm) ranges. No endothermic peak (Tm) could be
observed in the pure EE thermogram, whereas an extremely short
peak was seen in the TPU thermogram. Since the TPU melting
enthalpy was very low (ΔHm = 4.6 J g−1) compared to PLA
(ΔHm = 36 J g−1), the contribution of TPU in the melting enthalpy
of the PLA/TPU blends was not taken in the account. The Tg of the
PLA (pure and blends) occurred in the range of 55–65 C, the cold
crystallization (Tcc) peak was between 90 and 120 C, and the Tm
was in the range of 160–175 C, as expected. The increase in %TPU
in the PLA/TPU blends [Figure 6(a)] has not affected Tg values of
PLA, as already reported by Mi et al.36 for PLA/TPU blends with
75% TPU.
The PLA/TPU blends exhibited a phase separation because these
blends are immiscible mixtures in any percentage. The addition of
EBG in the PLA30TPU blend did not change the Tg value, which
implies that the TPU/EBG interfacial interaction did not affect PLA
chain flexibility. Oommen et al.37 also observed a similar trend in the
investigation of the viscoelastic and thermal properties of amorphous
blends of NR/poly(methyl methacrylate) (PMMA), in which the
addition of the compatibilizer agent NR-g-PMMA (5%) in these
blends did not shift the Tg values. The presence of TPU did not shift
the PLA cold crystallization temperature (Tcc), regardless of the TPU
content. This result is not in accordance with Jašo et al.,11 who
reported a reduction in the Tcc value from 111.2 C (neat PLA) to
86.7 C in the PLA/TPU (70/30) blend.
The cold crystallization enthalpy (ΔHcc) was reduced with increasing
TPU content in the blend, which was also observed by Oliaei et al.34
The ΔHcc reduction could be attributed to the high viscosity of the
PLA/TPUblend, which could have reduced PLA chain folding ability
and, possibly, the PLA crystallinity in PLA/TPU blends. The addition
of EBG in the PLA30TPU blend did not influence PLA cold crystalli-
zation, as seen in the Tcc and ΔHcc values of both PLA30TPU and
PLA30TPU-5EBG. An analogous result has been reported by Zolali
and Favis20 in their study of the compatibilization and toughening of
a 50/50 PLA/PA11 blend compatibilized with EMAGMA.
A PLA crystalline phase transformation occurred between
155 and 160 C, as confirmed by the presence of a small exother-
mic transition before the melting peak. Tábi et al.38 attributed
this exothermic event to the conversion of α0 crystallites (a less
stable PLA crystallite type) into α crystallites (the most common
and stable crystallite type). The enthalpy related to the phase
transition (ΔHpt) (Table V) of PLA crystallites was reduced in
the PLA/TPU blends with increasing TPU content. This variation
suggests that PLA crystallite conversion from α0 to α was retarded
due to the blend viscosity being higher than neat PLA, which
could have reduced PLA chain mobility and, hence, crystallite
conversion. It was also observed that ΔHpt of PLA was reduced
in the PLA30TPU-5EBG blend, which is indicative of the stron-
ger affinity between PLA–EBG–TPU macromolecules. Moreover,
the viscosity of the PLA30TPU blend had extra increases with
EBG (see Figure 4, SMEPLA30TPU-5EBG > SMEPLA30TPU), which
could have also induced the reduction in PLA crystallite conver-
sion from α0 to α.
Figure 5. The SME and viscosity versus TPE content in PLA/TPE blends.
Figure 6. DSC thermograms of (a) PLA/TPU blends and (b) PLA/EE
blends (2nd run).
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The melting temperature (Tm) was 169 C regardless of the TPU
content in the blends, and there was narrowing of the PLA melt-
ing peak width, as already reported by Oliaei et al.34 In addition,
the increase in TPU content reduced the melting enthalpy (ΔHm)
of PLA/TPU blends, implying that the chain folding process
could have been hindered in the PLA crystallite growth process
once TPU was more viscous than PLA. On the other hand, Yu
et al.39 found the opposite effect for PLA/TPU (80/20) blends, in
which PLA crystallinity varied from 8.2% (neat PLA) to 9.6%.
The compatibilization of the PLA30TPU blend did not change
the PLA melting curve width or the ΔHm value despite the higher
viscosity of the PLA30TPU-5EBG blend. Thus, EBG did not
change the PLA crystallization process or crystallite size and
homogeneity. Conversely, Zolali and Favis20 observed an increase
in the PLA crystallinity from 7 to 11% in PLA/PA11 blends com-
patibilized by EMAGMA. Yokohara and Yamaguchi40 reported
that PBS droplets acted as nucleation agents and induced PLA
crystallization in PLA/PBS blends. In both studies, the results can
be related to the molecular stiffness of the semicrystalline poly-
mers (PA11 and PBS), which can induce more stable crystalliza-
tion nuclei.
There was no effect of EE and EBG on the Tg values of PLA in the
PLA/EE blends [Figure 6(b)], as also observed for the PLA/TPU
blends, which was already expected since the blends are heteroge-
neous. Zhang et al.41 reported similar results for PLA/EMAGMA
blends with up to 30 wt % EMAGMA. The increase in EE content in
the blend slightly shifted the PLA cold crystallization temperature
(Tcc) from 103 to around 113 C, possibly because of the higher vis-
cosity of the blend, which prevented PLA crystallite growth by hin-
dering chain folding. The influence of EE on PLA cold crystallization
diverged from the observation made by Dogan et al.42 for
PLA/EMAGMA blends, in which the Tcc value of PLA was reduced
from 107.7 C (neat PLA) to 91 C after incorporation of 25 wt %
EMAGMA. The PLA10EE blend presented higher ΔHcc values,
suggesting that crystallization at higher Tcc values was facilitated since
crystallite growth was favored. On the other hand, increasing EE con-
tent in PLA/EE blends and the addition of the compatibilization agent
EBG resulted in a reduction of ΔHcc. This decrease could be attrib-
uted to a modification in the intermolecular interaction between
PLA–EE macromolecules (as discussed in the Evaluation of PLA and
TPE Surface Properties section), which could also prevent PLA crys-
tallite growth by hindering chain folding. The crystallization tempera-
ture, Tcc, for the PLA30EE-5EBG blend was slightly shifted to lower
temperatures in comparison with the PLA30EE blend, indicating that
EBG modified the chemical interaction between the macromolecules
and the PLA crystallization. A possible explanation for these results
could be attributed to the combination of a better (or higher) chemi-
cal interaction between macromolecules (Figure 1) and a higher vis-
cosity of the PLA30EE-5EBG blend.
The bimodal melting peak profile suggests that EE induced the for-
mation of a different fraction of PLA crystallites that melt between
155 and 175 C in the PLA/EE blends. Tábi et al.38 investigated the
influence of α0 and α crystallites on PLA thermal and mechanical
properties and reported that PLA cold crystallization between
100 and 120 C resulted in the formation of a bimodal melting curve.
The first peak was related to melting of α crystallites and conversion
of α0 to α crystallites, while the second melting peak was attributed to
the melting of converted α-crystallites. The second melting peak in
the DSC curves of PLA10EE and PLA30EE blends was slightly
shifted to higher temperatures, suggesting that EE could have
increased the α0 to α crystallite conversion. While TPU crystallites
melt at 160 C, the EE crystallites melt at 43 C, which is much ear-
lier than PLA crystallites; thus, the PLA crystallinity degree could be
estimated for the PLA/EE blends. The addition of EBG into the
PLA30EE blend resulted in the heightening of PLA melting peaks,
indicating that EBG could have influenced the PLA crystallinity. The
PLA melting curve width was broadened with the EE content in the
PLA/EE blends, resulting in the formation of less homogeneous PLA
crystallites. The lower chemical affinity between PLA and EE (see
PLA–EE interfacial tension, Table II) could have strongly affected
the PLA crystallization process in PLA/EE blends, which could
explain the broadening of the PLA/EE melting curves as EE content
increased in the PLA/EE blends. This hypothesis was confirmed by
comparing ΔHm values of noncompatibilized to compatibilized
PLA/EE blends. The increase in EE content in the blends decreased
the endothermic heat,ΔHm, and, consequently, the PLA crystallinity.
These results confirmed the previous hypothesis that EE could have
decreased the PLA–PLA intermolecular interactions, which would
affect the PLA chain folding process and, therefore, PLA crystalliza-
tion overall. Feng et al.43 identified a similar result when investigating
Table V. Thermal Transitions (2nd Run) of PLA and PLA/TPE Blends
Sample
PLA glass transition Cold crystallization Phase transformation Melting
Tg (C) Tcc (C) ΔHcc (J g−1) Tpt (C) ΔHpt (J g−1) Tm (C) ΔHm (J g−1) Xc (%)
PLA 61 103 25.6 157 2.3 169 36.0 8.7
PLA10TPU 61 102 25.2 156 1.9 169 33.7 n.d.a
PLA30TPU 61 104 20.0 157 1.4 169 25.8 n.d.a
PLA30TPU-5EBG 60 101 18.6 156 1.1 168 25.5 n.d.a
PLA10EE 62 109 30.8 n.s.b n.s.b 170 37.5 8.0
PLA30EE 62 113 26.3 n.s.b n.s.b 170 28.4 3.2
PLA30EE-5EBG 61 111 21.9 n.s.b n.s.b 169 29.0 11.7
a n.d., not determined;
b n.s., not showed.
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the influence of poly(ethylene octene) (POE) on PLA properties, in
which PLA crystallinity was slightly altered from 5.5% (neat PLA) to
4.9% (PLA/POE 80/20 blend). The addition of EBG did not modify
the PLA30EE blend melting curve width and ΔHm, which indicated
that the EE–EBG interaction did not change the PLA crystallite size
or homogeneity. This could be attributed to the high EE–EBG inter-
facial tension, suggesting that EE and EBG chains did not strongly
interact. On the other hand, the PLA crystallinity in the PLA30EE
blend largely increased after the incorporation of EBG, indicating
that EBG could have acted as a nucleation agent for PLA nuclei
formation.
Influence of TPEs and EBG on PLA Thermal Stability
Figure 7 shows the TGA mass loss (TG) and derivative (DTG) cur-
ves, respectively, of the PLA/TPU (a, b) and PLA/EE (c, d) blends
with and without EBG compatibilizer agent, and the TG and DTG
parameters of both blends are displayed in Table VI. Since TPU, EE,
and EBG underwent thermal decomposition at different temperature
ranges than PLA, the PLA/TPE blends show different degradation
profiles according to the blend composition. While PLA degraded
through only one event (one peak in the derivative curve), PLA/TPE
blends degraded through two events, depending on the blend com-
position, except for the PLA30TPU-5EBG sample.
All PLA/TPE blends were stable until 300 C, a temperature signifi-
cantly above the PLA processing temperature. The decomposition
temperature (Tdmax), in which the degradation rate is maximum, and
the degradation profile depend strongly on the polymer morphology
and intra and intermolecular forces involved between themacromol-
ecules. PLA is easily thermally decomposed by hydrolysis, oxidative
scission of the main chain, and inter/intramolecular trans-
esterification at temperatures above 300 C.44 TPU is a well-known
multiblock copolymer composed of hard (HS) and soft (SS) blocks
on urethane segments and polyester or polyether segments, respec-
tively.45 According to Alagi et al.,46 the HS and SS domains of TPU
decomposed in the range 260–400 C and 400–450 C, respectively.
Moreover, Anandhan and Lee47 observed that the thermal decompo-
sition of HS results in the dissociation of urethane and the conversa-
tion of the urethane bond into isocyanate and alcohol, with the
possible production of primary and secondary amines as reaction
products,48 as well as carbonic acid.49 The decomposition of SS
domains was attributed to de-polycondensation reactions and the
degradation of polyol. The PLA decomposition temperature
(Tdmax1), in which the decomposition rate is maximum, was 378 C.
The degradation temperature (Tdmax1) of the PLA/TPU blend was
shifted down since there was a better interaction or chemical affinity
between both polymers. On the other hand, EE did not affect the
Figure 7. Mass loss and derivative curves of (a,b) PLA/TPU and (c,d) PLA/EE blends.
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Tdmax1 since it is more stable than PLA and there is less affinity
between these macromolecules. This effect can also be observed by
the comparison of T5% (with mass loss of 5%) temperatures, where
pure PLA exhibited a T5% of 334 C and PLA/TPU and PLA/EE
blends showed T5% values between 300–320 C and 340–360 C,
respectively.
In the noncompatibilized PLA/TPU blends, the thermal decomposi-
tion of HS and SS domains of TPU and PLA occurred in the same
temperature range. TPU could have facilitated PLA decomposition,
once TPU degradation products could have induced an earlier PLA
macromolecules decomposition. Dartora et al.50 reported a similar
trend for PLA with cashew gum (CG) (a natural polysaccharide),
which induced an earlier thermal decomposition of PLA since the
CG decomposed in advance. On the other hand, the compatibilized
blend PLA30TPU-5EBG exhibited two more thermal events above
400 C due to the decomposition of EBG. The second DTG tempera-
ture peak (Tdmax2) can be attributed mainly to SS domain decompo-
sition of TPU, which were supposed to be decomposed between
400 and 450 C.46 A similar trend was also observed by Sun et al.51
for PLA/TPU blends, in which DTG peak of TPU shifted from
420 to 381 Cwhen incorporated into PLA. The compatibilization of
the PLA30TPU blend with EBG seemed to increase the SS domain
thermal stability, considering that the other two decomposition
peaks at 409 C (Tdmax3) and 470 C (Tdmax4) had a mass loss of
about 15% and that the EBG content in this blend was 5 wt %. In
their study on blends of low-density polyethylene/PET com-
patibilized by EBG, Benhamida et al.52 attributed the last two decom-
position temperatures to the thermal decomposition of EBG.
EE did not affect the thermal stability of the PLA in all PLA/EE
blends, regardless of the EE content [Figure 7(c,d)]. All temperatures
(Tonset, Tdmax1, Tdmax2, as seen in Table VI) were superior to those of
pure PLA, and the main factor was the better thermal stability of
EE. The two well-defined thermal events can be attributed to PLA
degradation and EE thermal decomposition. EE is an olefinic macro-
molecule with mainly ethylene monomers, and their thermal decom-
position can release unsaturated butene and vapors. Only in the
PLA10EE blend was the temperature (Tdmax1) shifted to higher tem-
peratures, which could be a result of better distribution of EE domains
in the PLA. The PLA30EE compatibilized blend with EBG did not
exhibit more than two thermal events, in contrast to the PLA30TPU-
5EBG blend, since the thermal decomposition of EBG occurred in the
same temperature range as EE (Tdmax2). The EE and EBG polymers
have similar monomeric structures (ethylene chains); thus, their
chemical affinity is higher than PLA–EBG. Li et al.53 reported that the
T5% temperature of PLA shifted from 351 to 360 C after incorporat-
ing 20% ethylene–acrylic ester–glycidyl methacrylate (GMA) terpoly-
mer in PLA. It is possible to infer that no chain scission was imposed
by shear during the blend processing in HAAKE since PLA and
PLA30EE-5EBG blends have shown very similar values of Tdmax1
temperatures. Blends of PLA with polyolefins and ethylene copoly-
mers, in general, have good thermal stability. Kang et al.54 observed
that PLA/PP blends showed an increase in the T5% temperature due
to higher thermal stability of PP. For a PLA/high-density polyethyl-
ene (HDPE) blend, Lu et al.55 reported that increasing theHDPE con-
tent barely shifted the temperature (Tdmax1) relative to the PLA
degradation. On the other hand, Sangeetha et al.56 investigated blends
of PLA/EVA and referred the second DTG peak (Tdmax2) to the deg-
radation of the polyethylene segments of the EVA.
Fracture Surface Morphology of PLA/TPE Blends
Figure 8 shows the SEM micrographs of the fracture surface of
PLA/TPE blends with 10 and 30% TPE without and with 5% EBG
[TPU (a, b, c); EE (d, e, f)]. The type of TPE and EBG had an influ-
ence on the resultant morphology of the PLA/TPE blend. PLA/TPE
blends are heterogeneous and the compatibilizer EBG was more
effective in the PLA/TPU blend due to better compatibilization
between components, and the worst compatibility was in the PLA–
EE pair. PLA/TPE blends exhibited a sea-island morphology with
TPE domains or droplets dispersed in the PLA matrix, regardless of
TPE content or the presence of EBG. The droplets of EE were more
spherical and bigger than those of TPU for PLA/TPE blends with the
same TPE content. Yu et al.34 investigated the effect of TPU on PLA
toughness and reported sea-island morphology for PLA/TPU blends
with 5–25% TPU, indicating phase separation phenomenon. The
sea-island structure found in the morphology of PLA/TPU blends
confirmed the hypothesis from the Effects of TPE and EBG/TPE
Interactions on PLA Thermal Transitions section stating that
PLA/TPU is an immiscible blend since the Tg value of PLA did not
change with %TPU.
All PLA/TPUmicrographs exhibited a very low degree of TPU parti-
cle pullout, which was attributed to the low PLA/TPU interfacial ten-
sion value (Table II). Similar results were also reported by Zhang
Table VI. TG and DTG Parameters of PLA/TPE Blends
Sample
1st event 2nd event
T5% (C) Tonset (C) Tdmax1 (C) Mass loss (%) Tonset (C) Tdmax2 (C) Mass loss (%)
PLA 334 300 378 100 — — —
PLA10TPU 305 300 325 90 340 356 10
PLA30TPU 323 292 348 70 368 385 30
PLA30TPU-5.0EBGa 313 280 335 43 350 367 37
PLA10EE 359 304 401 88 433 486 11
PLA30EE 341 295 377 70 404 474 30
PLA30EE-5.0EBG 342 290 371 66 404 466 34
a Also showed events at 387 C (Tonset) and 409 C (Tdmax3), as well as 438 C (Tonset) and 469 C (Tdmax4).
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et al.,41 who investigated the influence of EMAGMAon the toughness
and crystallinity of PLA. The authors found that PLA/EMAGMA
blends exhibited a sea-island morphology regardless of EMAGMA
content. The particle pullout occurred much more in the PLA/EE
blends, independent of the TPE content and use of the EBG com-
patibilizer. Lai et al.18 investigated PLA/TPU blends compatibilized
with APTES, a low weight silane-based molecule, and reported a high
degree of TPU particle pullout in the noncompatibilized PLA/TPU
blend. Despite a reduction in TPU particle size by increasing the
APTES content in the blends, the mechanical properties were bal-
anced better with low compatibilizer content. Although both APTES
and EBG are good compatibilizers for PLA/TPU, an explanation for
the better compatibilization with EBG is the physical interaction
between PLA–EBG–TPU that may occur by chain entanglements
since EBG is a high-molecular-weight polymer in contrast to the
APTESmolecule.
The morphological parameters, particle sizes (dn), particle distribu-
tion parameter (σ), and distance between particles (L) of PLA/TPE
blends are shown in Table VII. According to particle distribution
parameter (σ) values, the TPE particle homogeneity was reduced as
TPE content increased in PLA/TPE blends, which was also observed
by Han and Huang57 in the preparation and characterization of
PLA/TPU blends. In the PLA/TPU blends, the TPU particle size in
the PLA matrix was smaller than the EE particles, resulting in
PLA/TPE blends with improved impact absorption. Increasing TPE
content in the blend yielded particles with higher dn values
(PLA10TPE and PLA30TPE) or larger droplets dispersed over the
PLA matrix, especially for PLA/EE blends (PLA10EE = 4.6 μm,
PLA30EE = 7.5 μm). The compatibilization of PLA/TPE blends by
EBG compatibilizer agent reduced TPE particle size in the PLA
matrix (Table VII), resulting in blends with improved impact
absorption. These results confirmed the droplet size reduction effect
promoted by a compatibilizer agent, as already discussed in the liter-
ature.58 EBG reduced the TPU particle size in the PLA30TPU blend
from 3.9 to 3.4 μm (nearly 13%), while in the PLA30EE blend the EE
particle size was decreased from 7.5 to 5.5 μm (nearly 27%). Jauzein
et al.59 identified an analogous trend while investigating PLA/ether–
amide blends, in which the presence of EMAGMA reduced the
PLA/ether–amide 85/15 blend particle size from 2.2 to 0.83 μm.
The average particle size of TPE domains in the PLA matrix did
not follow the same tendency of the viscosity ratio of PLA/TPE
blends discussed in Evaluation of PLA, TPEs, and EBG Rheologi-
cal Properties section. As predicted by Uthaipan et al.,21 a refined
dispersed phase must be found in a blend with low viscosity rub-
ber. On the other hand, a coarser morphology will occur whether
Figure 8. SEM micrographs (1000×) of fracture surface of (a–c) PLA/TPU and (d–f) PLA/EE blends with and without 5% EBG.
Table VII. Morphological Parameters of PLA/TPE Blends
Sample dn (μm) σ L (μm)
PLA10TPU 3.0  1.5 1.2 2.3
PLA30TPU 3.9  1.7 1.5 1.0
PLA30TPU-5EBG 3.4  1.8 1.4 0.8
PLA10EE 4.6  1.5 1.4 3.3
PLA30EE 7.5  2.4 2.0 1.5
PLA30EE-5EBG 5.5  2.3 1.7 0.9
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a high viscosity rubber is alternatively used. As seen by the SEM
micrographs of PLA/TPE, the difference between TPE viscosities
was not enough to drastically change the morphology of the
blends into refined domains, but it was enough to produce
PLA/TPU blends with more homogenous morphologies than
those of PLA/EE. The smaller TPU domains could also be attrib-
uted to the high intermolecular chemical interaction or chemical
affinity between the PLA and TPU.
The brittle–ductile transition (BDT) of the PLA/TPE blends was
evaluated by the interparticle distance (L), which is a criterium
employed to determine whether a binary blend is toughened.
According to Wu,31 a binary blend is said to be tough on the condi-
tion that Lmatrix is lower than the Lcritical. PLA did not achieve tough-
ness at low TPE concentrations, considering that Lcritical is
approximately 1.0 μm for PLA,60 and the LPLA10TPU was equal to
2.3 μm. Since LPLA30TPU was 1.0 μm, the PLA30TPU blend achieved
the BDT point. On the other hand, the PLA/EE blend with 10 and
30% EE did not reach the BDT. Both PLA30TPE blends com-
patibilized with EBG are more resistant than PLA, especially for the
PLA30TPU-5EBG blend. Considering L values for PLA/TPE and
PLA30TPE-5EBG, it could be expected that PLA30TPU and
PLA30TPU-5EBG would exhibit higher impact absorptions than the
PLA30EE-5EBG blend.
Impact Strength of PLA and PLA and PLA/TPE Blends
The impact strength of PLA/TPE blends as a function of TPE type
can be visualized in Figure 9. The incorporation of TPU into the PLA
matrix largely increased PLA impact absorption, especially for the
PLA30TPU blend (163% in comparison with neat PLA). This result
could be attributed to the lower interfacial tension of PLA–TPU
(Evaluation of PLA and TPE Surface Properties section) that facili-
tates stress transfer from TPU to PLA. Furthermore, smaller TPU
droplets and the lower interparticle distance values (Table VII) were
also contributed to better PLA impact strength, as reported by Han
and Huang57 for PLA/TPU blends. The TPE EE slightly improved
the PLA impact strength as the EE content increased, especially for
the PLA30EE blend (~73.7%). The PLA/EE blends showed weak and
larger EE particles adhered to the PLA matrix, as seen by the large
amount of pullout [see Figure 8(d–f)], as well as wider interparticle
distance (L) (Table VII), which contributed to the reduction in
energy dissipation capacity by the EE domains. An analogous trend
was reported by Feng et al.43 for PLA/POE blends with up to 20%
POE, in which the impact strength was barely improved, which could
be related to similarities in the interparticle distance values of
PLA/POE blends.
The compatibilization of the blends by EBG increased the PLA
impact strength by nearly 20%, regardless of the type of TPE. This
result confirmed that EBG acted as a good compatibilizer agent for
PLA/TPE blends, improving the stress-transfer mechanism by
decreasing PLA–EBG and TPE–EBG interfacial tensions, as already
described in the literature.15 Su et al.61 also observed a similar trend
for PLA/POE-g-GMA blends, in which the PLA impact strength was
greatly improved due to the stronger PLA–POE interface promoted
by grafting of POE with GMA. The higher energy absorption
exhibited by the PLA30TPU-5EBG blend confirmed the previous
tendencies discussed in the Evaluation of PLA and TPE Surface
Properties and the Fracture Surface Morphology of PLA/TPE Blends
sections, in which a smaller PLA/TPE interfacial tension promoted
by EBG, as well as a decrease in the TPE particle size and interparticle
distance, improved PLA impact strength.
CONCLUSIONS
The rheological, morphological, and interfacial properties of
PLA/TPE blends were related to the mechanical properties of the
blends. The viscosity and the SME of the PLA/TPE blends were
strongly influenced by the type and content of TPE, mainly in the
PLA/TPU blends. The compatibilizer EBG increased the SME of the
PLA30TPE blends due to a stronger intermolecular interaction in
the PLA–TPE interface. Interfacial properties indicated that the
effectiveness of EBG as a compatibilizer agent depended on the type
of TPE. DSC analyses indicated that the increase in TPE content
reduced the melting enthalpy (ΔHm) of PLA/TPE blends, especially
for PLA/TPU blends. EBG in the compatibilized PLA30EE blends
might have acted as a nucleation agent for PLA nuclei. PLA thermal
stability was significantly dependent on TPE thermal stability, and
no thermal event was observed in the usual PLA extrusion and injec-
tion temperature range. The particle pullout was influenced by the
PLA–TPE interfacial tension. The PLA30EE blend only achieved
BDT if compatibilized with EBG. The impact strength was mainly
affected by the type of TPE and the blend interfacial tension, and
EBG was more effective in the PLA30TPU blend. The results indi-
cated that despite the higher TPU viscosity, the lower PLA–EBG–
TPU interfacial tension resulted in a finer morphology and better
mechanical performance in the impact property for PLA/TPU
blends in contrast to PLA/EE blends.
ACKNOWLEDGMENTS
The authors would like to thank Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior (CAPES) for the doctoral scholarship,
Rede de Saneamento e Abastecimento de Agua, Sistema Brasileiro de
Tecnologia (RESAG-SIBRATEC) for financial aid, Financiadora de
Estudos e Projetos (FINEP) for resources obtained from SIBRATEC,
Redes de Prestação de Serviços Tecnológicos project, Fundação de
Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS) forFigure 9. Impact strength of PLA/TPE blends as a function of %TPE.
ARTICLE WILEYONLINELIBRARY.COM/APP
47962 (12 of 14) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47962
the undergraduate scholarship, DuPont for donating EE and EBG
samples, Prisma Montelur for donating TPU samples, and
Laboratório de Corrosão, Proteção e Reciclagem de Materiais
(LACOR, UFRGS) for the contact angle measurements.
REFERENCES
1. Dogan, S. K.; Boyacioglu, S.; Kodai, M.; Gokce, O.; Ozkoc,
G. J. Mech. Behav. Biomed. Mater. 2017, 71, 349.
2. Nagarajan, V.; Mohanty, A. K.; Misra, M. Polym. Eng. Sci.
2018, 58, 280.
3. Oliaei, E.; Kaffashi, B. Polymer. 2016, 104, 104.
4. Ma, P.; Hristova-Bogaerds, D. G.; Goossens, J. G. P.; Spoelstra,
A. B.; Zhang, Y.; Lemstra, P. J. Eur. Polym. J. 2012, 48, 146.
5. Imre, B.; Bedő, D.; Domján, A.; Schön, P.; Vancso, G. J.;
Pukánszsky, B. Eur. Polym. J. 2013, 49, 3104.
6. Hamad, K.; Kaseem, M.; Deri, F. Adv. Chem. Eng. Sci.
2011, 1, 208.
7. Ma, P.; Xu, P.; Liu, W.; Zhai, Y.; Dong, W.; Zhang, Y.; Chen,
M. RSC Adv. 2015, 5, 15962.
8. Zhao, X.; Ding, Z.; Lin, Q.; Peng, S.; Fang, P. J. Appl.
Polym. Sci. 2017, 134, 44383.
9. Li, Y.; Shimizu, H. Macromol. Biosci. 2007, 7, 921.
10. Kaynak, C.; Meyva, Y. Polym. Adv. Technol. 2014, 25, 1622.
11. Jašo, V.; Cvetinov, M.; Rakic, S.; Petrovic, Z. S. J. Appl.
Polym. Sci. 2014, 131, 41104.
12. Zhao, Y. Q.; Chen, F. Q.; Wu, Z. H.; Feng, Y. H.; Qu, J. P.
J. Appl. Polym. Sci. 2014, 13, 40146.
13. He, Y.; Zhao, T.-H.; Li, Y.-D.; Wang, M.; Zeng, J.-B. Polym.
Test. 2017, 59, 470.
14. Sangroniz, L.; Palacios, J. K.; Fernández, M.; Eguiazabal, J. I.;
Santamaria, A.; Müller, A. J. Eur. Polym. J. 2016, 83, 10.
15. Palacios, J. K.; Sangroniz, A.; Eguiazabal, J. I.; Etxeberria, A.;
Müller, A. J. Eur. Polym. J. 2016, 85, 532.
16. Harada, M.; Ohya, T.; Iida, K.; Hayashi, H.; Hirano, K.;
Fukuda, H. J. Appl. Polym. Sci. 2007, 106, 1813.
17. Zhang, K.; Nagarajan, V.; Misra, M.; Mohanty, A. K. ACS
Appl. Mater. Interfaces. 2014, 6, 12436.
18. Lai, S.-M.; Lai, Y.-C.; Wu, W.-L.; Wang, Y.-J. J. Appl. Polym.
Sci. 2015, 132, 42322.
19. Parpaite, T.; Otazaghine, B.; Caro, A. S.; Taguet, A.; Sonnier,
R.; Lopez-Cuesta, J. M. Polymer. 2016, 90, 34.
20. Zolali, A. M.; Favis, B. D. Polymer. 2017, 114, 277.
21. Uthaipan, N.; Jarnthong, M.; Peng, Z.; Junhasavasdikul, B.;
Nakason, C.; Thitithammawong, A.Mater. Des. 2016, 100, 19.
22. Silva, M. C.; Ascheri, D. P. R.; Carvalho, C. W. P.; Galdeano,
M. C.; Andrade, C. T. Polim.: Cienc. Tecnol. 2013, 23, 725.
23. Pereira, L. M.; Corrêa, A. C.; Souza Filho, M. M.; Rosa, M. F.;
Ito, E. N.Mater. Res. 2017, 20, 791.
24. Deng, Y.; Thomas, N. L. Eur. Polym. J. 2015, 71, 534.
25. Zembouai, I.; Kaci, M.; Bruzaud, S.; Benhamida, A.; Corre, Y.-M.;
Grohens, Y. Polym. Test. 2013, 32, 842.
26. Cailloux, J.; Abt, T.; García-Masabet, V.; Santana, O.;
Sánchez-Soto, M.; Carrasco, F.; Maspoch, M. L. L. eXPRESS
Polym. Lett. 2018, 12, 569.
27. Gugghenheim, E. A. J. Chem. Phys. 1945, 13, 253.
28. Shi, Y.-D.; Cheng, Y.-H.; Chen, Y.-F.; Zhang, K.; Zeng, J.-B.;
Wang, M. Polym. Test. 2017, 62, 1.
29. Homklin, R.; Hongsriphan, N. Energy Proc. 2013, 34, 871.
30. Zhou, Y.; Lei, L.; Yang, B.; Li, J.; Ren, J. Polym. Test. 2018, 68, 34.
31. Wu, S. J. Appl. Polym. Sci. 1988, 35, 549.
32. Jafari, S. H.; Yavari, A.; Asadinezhad, A.; Khonakdar, H. A.;
Böhme, F. Polymer. 2005, 46, 5082.
33. Feng, F.; Ye, L. J. Appl. Polym. Sci. 2011, 119, 2778.
34. Oliaei, E.; Kaffashi, B.; Davoodi, S. J. Appl. Polym. Sci. 2016,
133, 43104.
35. Lu, X.; Zhao, J.; Yang, X.; Xiao, P. Polym. Test. 2017, 60, 58.
36. Mi, H.-Y.; Salick, M. R.; Jing, X.; Jacques, B. R.; Crone, W. C.;
Peng, X.-F.; Turng, L.-S.Mater. Sci. Eng. C. 2013, 33, 4767.
37. Oommen, Z.; Groeninckx, G.; Thomas, S. J. Polym. Sci.
Part B: Polym. Phys. 2000, 38, 525.
38. Tábi, T.; Hajba, S.; Kovács, J. G. Eur. Polym. J. 2016, 82, 232.
39. Yu, R. L.; Zhang, L. S.; Feng, Y. H.; Zhang, R. Y.; Zhu, J.
Chin. J. Polym. Sci. 2014, 32, 1099.
40. Yokohara, T.; Yamaguchi, M. Eur. Polym. J. 2008, 44, 677.
41. Zhang, X.; Li, Y.; Han, L.; Han, C.; Xu, K.; Zhou, C.; Zhang, M.;
Dong, L. Polym. Eng. Sci. 2013, 53, 2498.
42. Dogan, S. K.; Gumus, S.; Aytac, A.; Ozkoc, G. Fiber. Polym.
2013, 14, 1422.
43. Feng, Y.; Hu, Y.; Yin, J.; Zhao, G.; Jiang, W. Polym. Eng.
Sci. 2013, 53, 389.
44. Pracella, M.; Haque, M. M.-U.; Paci, M.; Alvarez, V. Car-
bohydr. Polym. 2016, 137, 515.
45. Clayes, B.; Vervaeck, A.; Hillewaere, X. K. D.; Possemiers, S.;
Hansen, L.; De Beer, T.; Remon, J. P.; Vervaet, C. Eur. J.
Pharm. Biopharm. 2014, 90, 44.
46. Alagi, P.; Choi, Y. J.; Seog, J.; Hong, S. C. Ind. Crops Prod.
2016, 87, 78.
47. Anandhan, S.; Lee, H. S. J. Elastom. Plast. 2014, 46, 217.
48. Bueno-Ferrer, C.; Hablot, E.; Garrigós, M. C.; Bocchini, S.;
Averous, L.; Jiménez, A. Polym. Degrad. Stab. 2012, 97, 1964.
49. Lu, G.; Kalyon, D. M.; Yilgör, I.; Yilgör, E. Polym. Eng. Sci.
2003, 43, 1863.
50. Dartora, P. C.; Loureiro, M. R.; Forte, M. M. C. J. Therm.
Anal. Calorim. 2018, 134, 1705.
51. Sun, Y.-C.; Cai, S.; Ren, J.; Naguib, H. E. J. Polym. Sci. Part
B: Polym. Phys. 2017, 55, 1197.
52. Benhamida, A.; Kaci, M.; Cimmino, S.; Silvestre, C.;
Duraccio, D. Macromol. Mater. Eng. 2009, 294, 122.
53. Li, S.; Deng, L.; Xu, C.; Wu, Q.; Wang, Z. ACS Omega.
2017, 2, 1886.
54. Kang, H.; Lu, X.; Xu, Y. Polym. Test. 2015, 43, 173.
55. Lu, X.; Tang, L.; Wang, L.; Zhao, J.; Li, D.; Wu, Z.; Xiao, P.
Polym. Test. 2016, 54, 90.
ARTICLE WILEYONLINELIBRARY.COM/APP
47962 (13 of 14) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47962
56. Sangeetha, V. H.; Valapa, R. B.; Nayak, S. K.; Varghese, T. O.
J. Polym. Environ. 2018, 26, 1.
57. Han, J.-J.; Huang, H.-X. J. Appl. Polym. Sci. 2011, 120,
3217.
58. Brito, G. F.; Agrawal, P.; Araújo, E. M.; Melo, T. J. A.
Polimeros. 2012, 22, 164.
59. Jauzein, T.; Huneault, M. A.; Heuzey, M.-C. J. Appl. Polym.
Sci. 2017, 134, 44677.
60. Valerio, O.; Pin, J. M.; Misra, M.; Mohanty, A. K. ACS
Omega. 2016, 1, 1284.
61. Su, Z.; Li, Q.; Liu, Y.; Hu, G.-H.; Wu, C. Eur. Polym. J.
2009, 45, 2428.
ARTICLE WILEYONLINELIBRARY.COM/APP
47962 (14 of 14) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47962
